Nanometer-scale components (nano-components) often exhibit characteristic mechanical behavior different from those of bulk counterparts. In this paper, we review a series of experimental studies on the mechanics of their fracture focusing especially on the interfacial strength in the nano-components, which consist of dissimilar nano-layers. Since the stress concentrated region is proportionally scaled down for shrinkage of component size, it becomes a few nanometers or at most a few tens of nanometers in the nano-components. We particularly pay attention to the availability of "stress" as the governing quantity of cracking, which is on the basis of the concept of continuum mechanics. We also investigate the effect of nano-scale stress concentration on the fatigue behavior of metals in nano-components. Finally, we discuss future directions on the further experimental exploration on the fracture mechanics in nano-components; the tensile testing of nano-rod and the fracture due to the stress concentration in the single nanometer scale.
Introduction
With a recent development and miniaturization of electronic devices due to the increasing demands for a high-density integration, the size of the element has been approaching a few nanometers. In an extreme, the atom-by-atom structure (the elements with an atomic scale, e.g., atomic chain (Ohnishi, et al., 1998) , (Rodrigues and Ugarte, 2001 ) and (Wang, et al., 2004) and carbon nanotubes (Ajayan and Iijima, 1992) and (Baughman, et al., 2002) ) comes in sight for future application. On the other hand, the industry has intensely developed devises in micrometer scale which possess multifarious function, namely micro-electro-mechanical-system (MEMS) and nano-electro-mechanical-system (NEMS) including small sensors and actuators.
Stress applied to a nano-component stems from various source such as the mechanical loading (e.g., polishing), residual stress, and thermal elongation mismatch in the processing as well as in the service. Hence, they should be carefully designed on the basis of mechanical condition in terms of their reliability. For the reliable design, we have to know the precise mechanical properties of constituent materials. However, though characteristic mechanical properties of nano-scaled materials, which are substantially different from those of bulk, have been pointed out (Dimiduk, et al., 2005) , (Greer and Nix, 2006b) , (Kirchlechner, et al., 2011) , and (Kiener, et al., 2008) , the research has not been enough.
The mechanical properties of bulk material have been usually evaluated by the tensile test. Since the stress and strain are uniform in the specimen and the tested volume is large, we can readily examine various mechanical properties related with the deformation and fracture strength. The accurate evaluation of nano-scaled materials, however, is not easy because of the difficulties in the fabrication and handling of specimen. Moreover, we have awkwardness on the technique of precise light load applications including chucking of specimen, actuator and load/displacement sensors. In recent years, these problems are overcome by using the MEMS technology, and the several methods for evaluating the mechanical properties of the nano-and submicron-scaled films have been developed as follows; ・Tensile test (Espinosa, et al., 2003) and (Haque and Saif, 2002) ・Bending test (Namazu, et al., 2002) and (Zhang, et al., 2000) ・Bulge test (Tabata, et al., 1989) , (Vlassak, and Nix, 1992) and (Xiang, et al., 2005) ・Bi-layer tensile test (Griffin, et al., 1992) and (Yu, and Spaepen 2004) ・Bi-layer bending test (Florando and Nix, 2005) ・Indentation (Chen and Vlassak, 2001) , (Hay, et al., 1999) , (Oliver and Pharr, 1992) , (Saha and Nix, 2002) , (Tunvisut, et al., 2002) and (Tsui, et al., 1999) ・Thermal stress method (Keller, et al., 1998) , (Nix, 1989) and (Vinci, et al., 1995) ・Surface acoustic wave method (Ollendorf, et al., 1996) ・Vibration lead method (Kiesewetter, et al., 1992) ・Bending of cantilever (Hirakata, et al., 2007) and (Takahashi, et al., 2008) ・Compression of bar (Greer and Nix, 2006) and (Uchic, et al., 2004) Interface fracture toughness of bulk bi-materials has been evaluated on the basis of the fracture mechanics concept, where the conventional experimental methods have been established at the practical level in the laboratories (Namazu, et al., 2002) and (Zhang, et al., 2000) . On the other hand, there are many difficulties in the evaluation of interface toughness between submicron-or nanometer-thick films and between them and substrate because the specimen fabrication and the loading method have restrictions due to the small size. Many testing techniques have been proposed, and they are listed below; ・Indentation and (Rossington, et al., 1984) ・Super layer indentation , and ・Line scratch test (deBoer, et al., 1997) , (Sekiguchi and Koike, 2008) and (Venkataraman, et al., 1996) ・Projection test (Kamiya, et al., 2002) ・Superlayer test (Bagchi, et al., 1994) , (Bagchi and Evans, 1996) , (He, et al., 1997) and (Zhuk, et al., 1998) ・Four-point bending test (Charalambides, et al., 1989) , (Dauskardt, et al., 1998) and (Dauskardt and Lane, 2000) ・Double cantilever beam/Compact tension test (Pereira and Morais, 2004) and (Xie, et al., 2005) ・Cantilever method (Hirakata, et al., 2005) , (Kitamura, et al., 2002 (Kitamura, et al., , 2003 and (Sumigawa, et al., 2010a) ・Bulge test (Jensen, 1991) and (Hohfelder, et al., 1997) ・Peel test (Omiya, et al., 2004) ・Atomic force microscope (Hirakata, et al., 2006) This review aims to introduce our recent attempts and challenges to investigate mechanics and mechanism of interface fracture in nano-components.
2.
In-situ observation of crack initiation at interface edge
Experimental method
In order to observe the interface fracture process in a nanometer-scale component in detail, we have developed a novel method to overcome the experimental difficulties combining a transmission electron microscopy (TEM) and a well-controlled small loading device (Hirakata, et al., 2007) . Figure 1 shows the testing setup, where a miniature
In an advanced complex process from a viewpoint of the mechanics such as a nano-imprint technique, where a thin film is removed along the interface (intentional delamination) after it is formed on a substrate, the interface strength is of central importance and constitutive understanding of the fracture phenomenon is inevitable for its precise process-management. The key issue in the technology is to control spontaneously the interface strength; adhesion and exfoliation. This clearly points out that we need fundamental knowledge of "fracture" not only for prevention of device malfunction but also for the fabrication in future technology of nano-components; namely from fracture prevention to fracture design. For the purpose, it is essential to understand both the mechanism and mechanics of failure characteristic at interface in the nanometer scale components. mechanical loading apparatus, which consists of a movable sample stage and a diamond loading tip with a micro electromechanical system (MEMS) load sensor, is built in a TEM specimen holder. The stage ( Fig. 1(a) ), where a gold wire (0.25 mm) with a specimen is mounted, can move three-dimensionally by means of a piezoelectric actuator. The alignment resolution of the actuator is approximately 1 nm for the x, y and z axes. The load sensor beneath the loading tip with the resolution of 0.1 N detects the applied load by the capacitance change between the front and back electrodes. Figure 2 shows a bending specimen of nano-cantilever consisting of multi layers (Si 3 N 4 (hereinafter, it is described as "SiN") and Cu nano-layers on a Si substrate in the illustration) for evaluating the strength of interfacial crack initiation (Hirakata, et al., 2007) . This can be curved out from a multi-layered plate by means of a focused ion beam (FIB). Bending test has an eminent benefit in the nanometer-scale mechanical experiments because of the simple loading system. For example, it does not need to grasp the thin layer (Cu or SiN). A load is applied near the free end of cantilever (the SiN layer) by the loading tip so that the interface edge, where the interface meets the free surface, is stressed. A concentrated tensile stress is applied to the interface edge (Cu/Si) on the top surface near the fixed end of cantilever by the bending moment. Since the residual stress in nano-layers is low at the Cu/Si interface in this specimen (Sumigawa, et al., 2010a) , the influence on the interfacial cracking is negligible. Fig. 2 Bending experiment for interfacial crack initiation at interface edge in a nano-structure (Hirakata, et al., 2007) .
Criterion of crack initiation
Figures 3 (a) and (b) (Sumigawa, et al., 2010a) show the loading curve of nano-cantilever specimen with the Cu-layer thickness of 20 nm and in-situ TEM images of specimen at A, B and C in the loading curve, respectively. After the loading tip reaches the SiN layer (A), the load monotonically increases up to the peak magnitude at B. Then, the load abruptly drops to zero (C) when the delamination takes place along the Si/Cu interface from the upper edge. The crack propagates at an instant along the Cu/Si interface. Figure 3 (c) shows the relationship between the applied load and the cantilever deflection of a specimen which possesses the same constitution (Sumigawa, et al., 2010b) . The deflection increases non-linearly with the increase of the applied load. The observed non-linear behavior of the load-deflection relation in Fig.3 (c) is attributed solely to the plastic deformation of the Cu component since the yield stresses of Si and SiN are much higher than that of Cu. The plastic behavior of this Cu layer is estimated by an special specimen with an elongated cantilever-arm on the basis of the inverse analysis (Hirakata, et al., 2007) and (Sumigawa, et al., 2010b) . The elasto-plastic constitutive equation of the Cu layer is given by the intersection as follows (Sumigawa, et al., 2010b) : Fig. 3 In-situ observation of interfacial fracture (Sumigawa, et al., 2010a (Sumigawa, et al., , 2010b .
Figure 4 (Sumigawa, et al., 2010a) shows the distribution of normal and shear stresses, σ θθ and σ rθ , along the Cu/Si interface near the interface edge at the critical load, P c , which is calculated by FEM analysis, for three specimens with different sizes. The effect of plasticity in the Cu layer is taken into account in the analysis. Although the stresses away from the edge in the specimens differ from each other, they have good agreement near the edge. This indicates that the crack initiation is governed by the concentrated stress. The normal stress distribution near the interface edge results in a high stress of about 1 GPa, which is approximately three-times that of the shear stress. Thus, the normal stress dominates the cracking behavior in these cases. The region in which the normal stress distribution agrees is r < 30 nm. It is noteworthy that the "stress", which is parameter defined based on the continuum mechanics, is still valid for describing the fracture phenomenon in this scale. Similar experiments conducted for the same Cu/Si interface with the Cu thickness of 200 nm thick revealed that the crack initiation criterion is independent of the Cu-layer thickness while the plastic property possesses the strong dependence on it (Hirakata, et al., 2007) and . Fig. 4 Elasto-plastic stress distributions along the Cu/Si interface near the edge (Sumigawa, et al., 2010a) .
Design of stress distribution in nano-specimen

Control of crack initiation location
Figure 5 (a) shows a two-step cantilever specimen where the stress concentrates at the midway of interface as shown in Fig. 5 (b) (Sumigawa, et al., 2010a) . Applying the load on the lower step, the crack is initiated at the stress-concentrated point, which is clearly identified by the TEM in-situ observation. Using the critical load experimentally measured, the stress for the interface crack initiation is examined by the FEM as plotted in Fig. 5(b) . The cracking stress at the initiation site is about 1.1GPa and the zone size over 1GPa is about 60 nm. The zone size and stress correspond fairly well with those in the crack initiation at the interface edge shown in Fig. 4 . This signifies that the interface crack initiation is brought about by the stress magnitude of about 1GPa in the region of 50 nm regardless of the location. Thus, it suggests that the criterion is universal for the interface; characteristic interface strength.
We can introduce a slit-like notch in the SiN layer controlling the location (Sumigawa, et al., 2010a) . This technique enables us to introduce a high stress concentration in an arbitrary position of any interface in a multi-layered cantilever specimen and we can evaluate the strength of targeted interface in multi-layer specimen.
(a)TEM image of two-step cantilever specimen (b)Stress distributions along the Cu/Si interface at the crack initiation and magnified view in the stress concentrated area Fig. 5 Stress concentration at the midway of interface. Figure 6 shows a nano-cantilever torsion/bending specimen used for the investigation of the mixed-mode cracking at the Cu/Si interface edge (Kishimoto, et al., 2012) . As shown in Fig. 6(a) , the specimen has a three-dimensional structure with the shape of '']'' consisting of three arms. The load is applied to the SiN layer in the arm ③ by the diamond loading tip to stress the Cu/Si interface in the arm ① by torque and bending moment transferred through the arm ②. The ratio of torque/moment can be controlled by designing the loading location (L/l in Fig.6(a) ). The specimen can be carved out precisely by the FIB processing as designed. is obtained in the mixed-mode interface fracture (crack initiation at the Cu/Si interface edge).
Criterion of interface cracking under multi-axial stress
Fig 7 Critical stresses of interfacial cracking under the mixed-mode. (Kishimoto, et al., 2012) 3.3 Observation of understructure effect 3.3.1 Specimen design A TEM, of course, has ability to inquire the understructure of material. For the in-situ observation on the loaded specimen by means of the TEM, the testing section must be thinned to about 100 nm at least. However, such a thin bending specimen can buckle under the compressive stress. In order to prevent it, we design the cantilever with an inverted-T-shaped cross-section, where the neutral plane locates near the bottom to confine the compressive stress to the wider portion of specimen (Sumigawa, et al., 2013a) . Additionally, a horizontal through-slit is introduced at the center of the thinned part so that only tensile stress presents in the experimental area. A rigid block is added to the end of cantilever for loading by the diamond tip and for preventing the out-of plane deformation. Figure 8 shows the specimen with the test section thickness of 75nm made by means of the FIB process. Fig. 8 Specimen for in-situ TEM observation of understructure in loading. (Sumigawa, et al., 2013a) .
Plastic deformation
When a load is applied to a crystalline material, a dark area (shadow) appears at the elastically distorted region because of a change in the transmission rate of electrons (Benabbas, et al., 1996) and (Graef and Clarke, 1993) . It is, then, hard to distinguish the shadows due to elastic distortion from those due to the plasticity (e.g., multiplication and glide of dislocations). Thus, after the applied load is increased up to a preset load P set , it is fully removed from the specimen. The remained shadow under the unloading enables us to identify the plasticity because of its irreversibility.
The specimen used for the experiment consists of two grains, bi-crystal specimen as shown in Fig. 9 . The plastic deformation is clearly identified at the interface edge in the upper grain (Grain A) by the in-situ observation. The shadow is not caused by an elastic distortion of crystal but a plastic one because it does not disappear after unloading (Sumigawa et al., 2013a) . From the load, the yield stress inversely analyzed using the finite element method is about 400-420 MPa. This is about two orders of magnitude larger than that of annealed Cu bulk (0.5-1.0 MPa (Kohda, 1964) ). Continuous observation after the reloading reveals that as the applied load is increased, the plastic zone grows along the top surface and the Cu/Si interface in Grain A, and it expands to the Cu interior. The plastic area and its expansion correspond to the high resolved shear stress region analyzed by the FEM (Sumigawa, et al., 2013a) . Fig.9 Plastic deformation identified by the in-situ TEM observation in the specimen shown in Fig.8 . The surrounded part by the broken line in Fig.8(a) is enlarged.
Crack initiation
Figures 10 shows in-situ TEM images before and after the interfacial crack initiation, which correspond with (i) through (v) in the load/unload near the critical load ( Fig. 10(a) ). At (i), there is a gradual strain contrast in the Si substrate and a plastic zone in Grain A near the Cu/Si interface. As the load increases up to (ii), the gradation in the Si substrate changes and the plastic zone in the Cu monotonically expands. When the load reaches the peak (iii), two local diffraction contrasts suddenly appeared in the Si substrate near the Cu/Si interface; at the intersection between the grain boundary and the Cu/Si interface, and at a few tens of nanometers below the intersection. The contrasts disappeared after the load is fully removed (iv). Since the contrasts reappears at the same locations under the reload (v), the contrasts are not due to the plastic deformation of the adjacent Cu film. Referring a report that a local diffraction contrast appears near an opening crack tip in a TEM image because of the elastic strain concentration (McSkimin, et al., 1951) , the local diffraction contrasts near the Cu/Si interface in (iii) and (v) would indicate the tips of an interfacial crack, which is initiated at the intersection.
As shown in Fig. 10(b) , the crack is initiated at the intersection but is not at the interface edge. Since this is an ultra-thin bi-crystal specimen, the deformation anisotropy of grains strongly affects the stress distribution in the Cu bi-crystal. The FEM including the structural effect (crystallographic orientation and shape of each grain) points out that the highest stress appears at the intersection between the Cu/Si interface and the grain boundary. Although the top surface of cantilever has high global tensile stress, the understructure (grain boundary and interface) creates stronger stress concentration.
Again, the nano-scale interfacial cracking is governed by the nanoscopic stress field if the under-structural effect is properly taken into account. It is also noteworthy that a stress-concentrated region with a width of 2-4 nm may induce a crack initiation. © 2014 The Japan Society of Mechanical Engineers Sumigawa, Fang, Kawai and Kitamura, Mechanical Engineering Reviews, Vol.1, No.1 (2014) Fig. 10 In-situ TEM images before and after the interfacial crack initiation in the Cu bi-crystal specimen shown in Fig.8 .
Fatigue of nano-metals
Crack initiation at interface edge
The cantilever specimen ( Fig.2) with the Si/Cu interface with the Cu-layer thickness of 20 nm is subjected to the cyclic load ( Fig. 11(a) ) with the load ratio of Pmin / Pmax = 0 by the loading system shown in Fig.1 (P min : minimum load, P max : maximum load) (Sumigawa, et al., 2010c) . The fatigue process and the displacement at the arm end, δ, are in-situ observed by means of the TEM.
In the last fatigue cycle, the load suddenly drops at 17.0 μN before the maximum load, and the Si/Cu interface breaks. The failure load is about 6 % smaller than the maximum load in the fatigue cycle, and is much lower than the fracture load in monotonic loading. This indicates the existence of fatigue failure in nanometer-scale metal. The P-δ curve shown in Fig. 11(b) points out the nonlinear behavior and distinct hysteresis loop (irreversibility), which indicates the cyclic plasticity in the Cu film because the Si substrate and the SiN layer are elastically deformed at this load level. The detailed observation reveals the cyclic hardening during the fatigue process, which suggests the development of substructure in the Cu film.
It is well known in fatigue of bulk metals that irreversible cyclic deformation brings about characteristic dislocation structures such as vein, ladder-structure, and cell (Laird, 1986) . In particular, the ladder structure causes crack initiation owing to strain localization because they are much softer than the matrix. However, these substructures have a size of a few micrometer. Since the strain concentrated area (about 40 nm x 20 nm x 330 nm) of this specimen is in nanometer-scale, these cannot be developed in the Cu layer. As our knowledge on the fatigue in a nano-component is very limited, peculiar feature of dislocation substructure is entirely unknown now. Thus, the further investigation is inevitable. Fig. 11 In-situ fatigue experiment using the cantilever specimen. (a) Fatigue loading cycle. "×" means the point at the failure along the Si/Cu interface, and (b) Load-deflection hysteresis in the fatigue cycle (Sumigawa, et al., 2010c) . Figure 12 shows the relationship between the stress range at 5 nm from the Cu/Si interface edge, Δσ, and the number of cycles to fracture, N f , (S-N relationship). Δσ at N f = 1 indicates the fracture stress in a monotonic loading. The fatigue life of interface fracture shows clear dependence on the stress range, Δσ. The magnitude of stress range is high comparing with the fatigue strength of bulk Cu (that is between 0.05 and 0.2 GPa) (Shiozawa, et al., 1997) . This is because thin films of nanometer-scale usually have high strength and the deformation constraint caused by the neighboring hard materials (Si and SiN) enhances the behavior. Fig. 12 Relationship between the stress range, Δσ, and the number of cycles to fracture, N f , in Specimen-200.
Influence of environment
The nano-cantilever specimens with the Cu-layer thickness of 200 nm are subjected to a pre-set environmental condition (temperature: 80℃, and relative humidity: 80%) for a certain time (15 min) before the fatigue loading. Figure  13 shows the relation between the applied stress range, Δσ, and the number of cycles to fracture, N f (S-N relation) of the environmentally treated specimens (closed red circles) in comparison with the non-treated ones (open black circles). As obvious difference exists between them, the environmental treatment eminently reduces the toughness of the Cu/Si interface for cracking not only in the monotonic loading (N = 1) but also in fatigue. Fig. 13 Relations between the applied stress range Δσ and the number of cycles to fracture N f of environmentally treated and non-treated specimens.
High cycle fatigue 4.3.1 Methodology using resonant vibration
Since the load is applied by tip contact in the previous method (Fig. 2) , it is difficult to extend it to a testing in high-cycle fatigue. Moreover, it is extremely difficult to apply a reverse loading to such small scale specimen. Thus, in order to characterize the fundamental fatigue property in the small specimen, an advanced methodology for the high-cycle fatigue under tension-compression is developed using resonant vibration.
The resonant frequency of nano/micro-scale material is usually higher than a few tens of GHz. Too high resonant frequency brings about difficulties in the control of the fatigue cycle because a number of 10 7 cycles, which is commonly defined as the number of cycles of fatigue limit, is attained in less than 1 second. It can be reduced by a weight attached at the cantilever tip. The resonance frequency, f 0 , of cantilever (the cross-section of w (width) × h (height)) with a heavy weight at the end is approximately evaluated by the following equation, © 2014 The Japan Society of Mechanical Engineers Sumigawa, Fang, Kawai and Kitamura, Mechanical Engineering Reviews, Vol.1, No.1 (2014) 
where k is the spring constant of test section in the vibration direction, m is the mass of weight, E is the Young's modulus of cantilever and l G is the length from the cantilever root to the gravity center of weight. Based on Eq. (2), the shape and size of weight are adjusted so as to accomplish the targeted f 0 . The experimental system consists of a laminated piezoelectric actuator, an operational amplifier, a function generator, a laser Doppler viblometer and a control computer (Sumigawa, et al., 2013b) . The silicon plate with the specimen is mounted on the top face of actuator with an adhesive. The specimen is oscillated by an alternating voltage of constant amplitude. The displacement at the specimen is measured by means of the laser Doppler vibrometer.
Fatigue damage
The resonant fatigue test is carried out for a specimen (Fig. 14) which is carved out from a multi-layered material consisting of silicon (Si), titanium (Ti), polycrystalline copper (Cu), and silicon nitride (SiN) (Sumigawa, et al., submitted) . The crystallographic information on the upper surface of Cu portion in the test section is identified by the electron backscatter diffraction (EBSD). Figure 15 shows the FE-SEM images of the upper Cu surface after the fatigue. Traces are clearly observed at the location of Grain 3 (Fig. 14(b) ) on the surface. The straight line-like morphology is inclined at an angle of about 30° to the normal stress applied (x-axis). The stereographic projection of the Grain 3 points out that the traces are slip bands generated by the activity of slip plane. The slip bands are composed of concavo-convex with a width of about 30 nm. Although it is similar to extrusion/intrusion observed in fatigue of bulk material (Forsyth, 1953) and (Ma and Laird, 1989) , the width greatly differs from that of bulk (about 1 μm (Ma and Laird, 1989) ). A crack with the length of about 140 nm is observed along the Cu/Ti interface on the top surface of cantilever (interface edge) as shown in Fig. 15 . It seems to be initiated at the collision point of extrusion with the Cu/Ti interface where the stress concentrates.
The neighboring grains and the surrounding dissimilar materials (Si, Ti and SiN) bring about complex stress on each grain owing to the deformation constraint (Sumigawa, et al., 2004) . The microscopic stress distribution in the specimen is evaluated by the elastic FEM reproducing the shape and crystal orientation of grains in the specimen, and the maximum resolved shear stress, τ mrss , is identified by the analysis. In the thirteen grains, the slip system of B4 in the Grain 3 possesses the highest τ mrss , which corresponds to the slip bands experimentally obtained (Fig.15) . This means that the traces are caused by the crystallographic slip and τ mrss governs the damage in the high-cycle fatigue in nanometer-scale metal. Of course, the understructure plays crucial role on the stress distribution. The stress, which is defined on the basis of the concept of continuum mechanics, is again available as the governing quantity of the slip bands formation in fatigue of nano-scale material with the understructure. Taking into account the displacement amplitude at the generation of slip bands (Δδ/2 = 1224 nm), the critical resolved shear stress amplitude Δτ crss /2 to generate slip bands is evaluated to be 418 MPa, which is remarkably higher than the Δτ crss /2 of the persistent slip bands formation in Cu bulk single crystal ( 27 MPa (Melisova, et al., 1997) ). 
Fatigue of single crystal
In order to investigate the fundamental details of nano-scale persistent slip bands (PSB) formation, a resonant fatigue on single-crystal gold (Au) specimen with a submicron width is carried out (Sumigawa, et al., 2013b) . The single crystal enables us to investigate clearly the crystallographic effects on the fatigue behavior in a small specimen. Figure 16 shows FE-SEM images of the upper surface and both side surfaces, where the slip bands cross the test © 2014 The Japan Society of Mechanical Engineers Sumigawa, Fang, Kawai and Kitamura, Mechanical Engineering Reviews, Vol.1, No.1 (2014) section diagonally after the fatigue. On the upper and side surfaces, the slip bands are inclined at angles of 67.5 and 51° to the longitudinal direction of the test section, respectively. The slip bands are formed by the activation of the slip system with the maximum resolved shear stress amplitudes in the 12 slip systems based on the crystal orientation, Δτ mrss /2. The critical Δτ mrss /2 on the B4 slip system along the slip bands is approximately 150 MPa, which is about six times larger than that of the PSB in Au bulk (Δτ crss /2 = 23.4 MPa (Li, et al., 2010) ).
(a) Images of top, side 1, and side 2 surfaces.
(b) Cross-sectional FE-SEM image of extrusion/intrusion near Side 2 surface. To observe the cross-sectional morphology of the slip bands, a 15-nm-thick layer is removed from the upper surface by a FIB as shown in Figure 16 (b). Extrusions/intrusions with heights of 50 to 100 nm and widths of about 15 nm are observed. Although they have similar feature to the PSBs in the bulk counterpart (Forsyth, 1953) , they are extremely narrow. This indicates that the dimensional constraint produces a different nanoscale fatigue structure from that in the bulk. The intrusion may act as a preferential crack initiation site in cyclic deformation, just as that in the PSB of bulk (Basinski, et al., 1983) . Since this nanoscale intrusion/extrusion is a first discovery, the elucidation of the detailed formation mechanism is a prospective subject.
Future directions
A new tensile testing of nano-materials
In Chapters 3 and 4, the strength of nano/submicron components has been examined by bending experiment. On the other hand, the tensile property is also important in terms of the investigation on precise mechanical property of nano-components. Thus, we develop a new in-situ test method for evaluating tensile properties of nano-mateirals and apply it to a single crystalline gold nano-rod with a square section of 189 nm (Sumigawa, et al., 2013c) . The nano-rod, which is carved out of a bulk material by the FIB process, is mounted on a lozenge-shaped silicon frame and is pulled by a compressive load on the top face of the frame (Fig.17) . Although the applied load increases monotonically in the early stages of deformation, it drops rapidly at a certain displacement. In-situ TEM observation indicates that the rapid decrease of applied load is due to crystallographic slip generation (Sumigawa, et al., 2013c) . The critical resolved shear stress on the primary slip system at yielding is evaluated to be 325.8 MPa, which is about 600 times larger than that of bulk. When the tensile elongation becomes large, the nano-rod shows necking and isotropic plastic behavior independent on crystalline structure. Fig. 17 Basic concept of tensile experiment for nanorod.
Challenge to establish fracture mechanics in single-digit nanometer scale
Although some researchers have reported mechanical experiments targeting on components with an entire size of 1-10 nm, e.g., carbon nanotubes and metallic nanowires, these studies evaluate the fracture load (or displacement) under a homogeneous field. These critically lack the nature of fracture; that is, the mechanical failure is a local phenomenon driven by an inhomogeneous deformation field due to the boundary conditions such as component shape, material combination, loading condition, etc.. However, the applicability of "stress" is now questionable on the single-digit nanometer scale because of the discreteness of atoms, and the governing mechanical parameter for fracture in the inhomogeneous field has not been established.
Based on the experimental techniques in the previous sections, the fracture behavior and characteristics driven by the highly-confined strain concentration of "10-1000 nm" is successfully clarified. The result signifies that "stress", the concept of which is based on continuum mechanics, is still applicable to the fracture phenomenon as the governing parameter while the size approaches the atomic scale.
Our unique experimental techniques exploited through these achievements must be applied to challenging topics on this project such as nano-specimen preparation with a single-digit nanometer-scale deformation field. One of the difficult issues in the experiments is on the specimen production. We have developed "top-down" fabrication by a focused-ion beam (FIB) as shown in Fig.18(a) and "bottom-up" dynamics-oblique-deposition (DOD) as shown in Fig.18(b) . These techniques successfully manufactured a 20 nm-notch in a 50 nm-bar and a sharp-edged nano-element, respectively, which can yield a concentrated field on a single-digit nanometer-scale.
(a) A 50 nm-nanobar with a 20 nm notch by FIB.
(b) A sharp-edged nano-element by DOD. Fig.18 Nano-specimen preparation with a single-digit nanometer-scale deformation field
